We report near field imaging of the transverse lasing modes of quantum cascade lasers. A mid-infrared apertureless near-field scanning optical microscope was used to characterize the modes on the laser facet. A very stable mode pattern corresponding to a TM 00 mode was observed as function of increasing driving current for a narrow active region quantum cascade laser. Higher order modes were observed for devices with a larger active region width-to-wavelength ratio operated in pulsed mode close to threshold. A theoretical model is proposed to explain why specific transverse modes are preferred close to threshold. The model is in good agreement with the experimental results. 
Introduction
Understanding how the transverse mode structure and more generally the beam quality (divergence, spatial coherence, etc.) [1] of a semiconductor laser varies as a function of pumping current or ridge width is crucial for applications that require coupling of the laser output into another optical element. Measuring the laser far-field angular distribution is commonly used for this purpose. Measuring its emission pattern in the near field is much more challenging as the latter extends only over a very short distance from the laser facet. In addition, the interesting mode features in the near field have a lateral dimension roughly equal to or smaller than the free space wavelength divided by the effective refractive index of the mode. Because of their low spatial resolution due to the diffraction limit, traditional optical methods cannot be used for near-field measurements.
The Near-field Scanning Optical Microscope (NSOM) was introduced to circumvent this problem [2] . In this technique, a tapered fiber with a subwavelength aperture at its end is scanned in the near field of the sample. The intensity of the light collected by the fiber is directly related to the sample's near field. This method has been used to image the transverse mode of λ=1.55 μm telecommunication lasers [3, 4] . The above approach is not suitable in the mid-infrared (mid-ir) regime because of the difficulty of finding a good compromise between high spatial resolution, requiring a small aperture at the end of the tapered fiber, and a reasonable power throughput. The apertureless-NSOM (a-NSOM) is a solution to this problem [5, 6] . In this technique, a sharp tip with nanometric apex curvature oscillates in the vicinity of the sample's surface and scatters light from the near field out in the far field where it is analyzed. A-NSOM has been used in the imaging of the transverse mode of a λ=780 nm laser diode [7] . Recently, an a-NSOM was also used to image the evanescent field of the Fabry-Pérot standing waves on the so-called "air-waveguide" of a mid-ir quantum cascade laser (QCL) [8] .
In this work, we present the results obtained by scanning the tip of an a-NSOM on the output facet of buried heterostructure (BH) QCLs with wavelengths of 5.3 μm and 7.0 μm that are operated in pulsed mode at room temperature. The near-field images acquired show clearly that for very narrow devices, only the TM 00 mode is present and that for devices with broader ridge, high order modes are preferred at a driving current close to the laser threshold.
Experimental setup
A schematic drawing of the experimental setup is shown in Fig. 1 . The a-NSOM is based on a commercial atomic force microscope (AFM) (PSIA XE-120) operating in tapping mode. In a measurement, an AFM tip oscillates at a frequency close to its resonant frequency f o (typically between 40 kHz and 80 kHz) and during each oscillation, the tip makes contact with the sample, allowing a near field and a topography image to be simultaneously obtained. The maximum amplitude of the oscillation is about 40 nm. The AFM tips used are coated with gold (40 nm thick) and are electrically insulated from the tip mount so that the current flowing through the QCL active region is not altered while the tip is in contact with the facet. Electrical shorting of the QCL by the AFM tip is negligible because the tip radius of curvature, typically 15 nm, is smaller than the thickness of one stage of the devices used (52 nm for the λ=5.3 μm QCLs and 44 nm for the λ=7.0 μm QCLs). There are 30 stages in each device. Fig. 1 . A sketch of the apertureless mid-ir near-field scanning optical microscope used to characterize transverse modes on the facet of quantum cascade lasers (QCLs). The detector records the interference signal between the radiation directly scattered into the far field by the apex of the AFM tip and the laser reflected from the mirror. Demodulation is performed at the second harmonic of the tapping frequency of the AFM tip in order to sufficiently suppress the contributions from the background light. Note that QCLs are TM polarized, i.e. the polarization of electric field is along y direction denoted in the figure. Thus the scattered near field would occur preferentially in the direction perpendicular to y. This is because the electric dipoles induced by the laser emission inside the AFM tip and the QCL material are polarized in the y direction. These dipoles radiate preferentially on the plane that is perpendicular to their axes. Accordingly, the lenses and detectors are placed along the x direction to maximize collection efficiency.
As shown in Fig. 1 , the near field scattered by the AFM tip was collected and focused onto a liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector by two f/1.5 ZnSe lenses. The near field scattered into the far field is very weak due to the tiny area of the tip apex. In order to enhance the near-field detection sensitivity, instead of recording the intensity of the scattered near field directly, the interference between the scattered near field and an intense reference field is detected. This is realized by placing a small mirror with an appropriate orientation near the front or the back facet of the QCL to reflect directly the laser output to the collecting lenses. At the detector, the interference term containing the product of the radiation scattered into the far field by the apex of the AFM tip and the reflected laser is measured. The latter is a constant or a slow-varying function of the position of the tip as it scans the facet, so the NSOM image is a map of the amplitude of the near field [9] . The intensity of the scattered near field is also detected but it is much weaker than the interference term and contributes little to the NSOM images. The main difference between our detection method and the interferometric technique in Refs. [9] [10] [11] where an oscillating mirror is employed is that in our experiments the mirror is kept fixed because of space constrains. In our case, therefore, there is no detection of the phase of the near field but just enhancement of the detection sensitivity. The interference scheme of Fig. 1 is particularly useful in imaging of the laser modes near threshold due to limited power output.
The detected signal was fed into a lock-in amplifier. In order to discriminate efficiently between contributions from the scattered near field and the field scattered from the shaft or the cantilever of the AFM tip, the lock-in amplifier needs to be set to demodulate at a harmonic nf o of the AFM tip oscillating frequency f o [9] . The reason for this is well understood based on a model in which the scattering cross section C scat of a coupled system composed of a polarizable sphere and a plane sample in the vicinity is shown to be highly nonlinear with respect to their separation [9] . We used 2f o for all the measurements.
Near-field imaging of a narrow active region quantum cascade laser
We first investigated the near field of a BH QCL emitting at λ=5.3 μm with an active region width of approximately 3 μm. A scanning electron microscope (SEM) image of the laser facet is shown in Fig. 2(a) . The structure, processing, and the performance of similar devices are described in references 12 and 13. Figs. 2(c)-2(e) show 2f o NSOM mode images of the device at different driving currents. Small markers, visible on the SEM image, were drilled at the corners of the cross section of the trapezoidal active region [labeled as 1 in Fig. 2(a) ] by focused ion beam (FIB) milling, allowing the NSOM mode images to be correlated with the location of the active region. Fig. 2(b) . The fact that the laser was operated in pulsed mode does not play a role in the optical measurements, because the repetition rate (500~800 kHz, current pulse width 125 ns for all measurements) was significantly higher than the tapping frequency of the AFM tip. The near field images Figs. 2(c)-2(e) exhibit clearly a single lobe located at the center of the active region. Twodimensional mode calculations performed with the commercial software COMSOL Multiphysics 3.3 show indeed that only the fundamental mode TM 00 is supported by the narrow waveguide core of the laser tested. Note that experimentally, the magnitude of the NSOM signal, demodulated at 2f o , showed an exponential increase as the tip approached the laser facet, confirming that the signal detected is from the near field. In order to further verify that the features observed in our near-field data are not artifacts, we compared various measurements obtained with the same device under the same electrical conditions, but in different experimental configurations. For example, we used different types of AFM tips and in addition rotated the QCL investigated in the horizontal plane thus using a different angle between the orientation of the cantilever of the AFM tip and the QCL growth direction. The power of the collected signal was different in each case due to different collection efficiencies but the laser mode profiles were identical, demonstrating our ability to measure correctly the near-field of our samples. More interesting features can be observed in the mode images shown in Fig. 2 . Curve (a) in Fig. 3 shows a line scan vertically across Fig. 2(e) . Two dips are clearly visible on the curve, which corresponds to the two horizontal dark bands across Fig. 2(e) . They correspond to the two thin InGaAs cladding layers adjacent to the active region. Similar dark bands can be identified in the other mode images in Fig. 2 and Fig. 4 . There are two contributions to these dips in the line scan or the dark bands in the mode images. One is the non-monotonic change of the mode intensity in these regions due to the non-monotonic change in the refractive index while going from the active region to the InP cladding layers. A vertical line scan of the calculated electric field magnitude distribution of the mode only considering this contribution is shown as curve (b) in Fig. 3 . Apparently, it is not able to account for the relatively deep dips in the line scan of the near field image. The other contribution is related to the spatial variation of the complex refractive index of the laser facet. According to the model proposed in reference 9, the scattering cross section C scat of a probe-sample coupled system, namely, an AFM tip oscillating on a plane sample, is a function of the complex refractive index of the sample material. This model has been used in high-resolution mid-infrared near-field microscopy, for instance, of polymers and viruses [10, 11] . We calculated the second harmonic component of the temporally modulated C scat for an AFM tip oscillating on the different regions of the laser facet. For a λ=5.3 μm QCL, the complex refractive indexes of the active region [14] , the InGaAs cladding layer, and the InP cladding layer that constitute the laser waveguide vertically are 3.2773+i1.76×10 -4 , 3.3710+i0.77×10 -4 , and 3.0754+i1.44×10 -4 , respectively (see Fig. 2(a) for the location of these regions). The ratios of the second harmonic components are 1.00/0.91/1.22 for these three regions. Here, the AFM tip is modeled as a polarizable sphere with a radius of 20 nm and is assumed to be oscillating perpendicular to the laser facet with an amplitude of 30 nm, which is similar to our experimental conditions in which the tip is tapping nearly vertically on the laser facet. The mode profile calculated with the correction from these ratios is shown as curve (c) in Fig. 3 , which is in good agreement with the line scan of the mode image [curve (a)]. The aforementioned ratios of the second harmonic components are 1.00/0.94/1.27 for a λ=7.0 μm QCL, very similar to these of the λ=5.3 μm QCL. It is estimated from the line scan of the mode profile that the resolution of the setup is about 120 nm, which corresponds to λ/40. Additional near-field images were taken for three λ=7.0 μm BH QCLs with active region width 12 μm, 17 μm, and 22 μm, respectively, driven in pulsed mode just above the threshold current with an average output power on the order of 0.1 mW. The laser ridge length is 2.0 mm. The measurements obtained at room temperature are presented in Fig. 4 , along with the results of COMSOL mode simulations. Again the dark bands are observed in the mode images Figs. 4(a) , 4(c), and 4(e), which correspond to the InGaAs cladding layers. By comparing the near-field images and the calculations, it can be seen that the TM 01 mode, the TM 02 mode, and the TM 04 mode are the preferred optical modes for the 12 μm, 17 μm, and 22 μm wide lasers, respectively.
Near-field imaging of broad active region quantum cascade lasers
The fact that the laser emission just above threshold is dominated by these specific transverse modes can be understood as follows. The transverse mode that has the smallest threshold current will be preferred. The latter is proportional to the figure of merit L defined by L=(α w +α m )/ Γ, where α w is the waveguide loss, α m is the mirror loss, and Γ is the mode confinement factor. Γ and α w can be obtained once the real and imaginary part of the refractive index of each material composing the waveguide are known. The mirror losses α m can be calculated using a simple two-dimensional ray optics model, allowing the angle ϕ between the propagation vector and the output facet of the laser to be determined and the Fresnel equations to deduce the value of the mirror reflectivity given the value of ϕ. Note that the Fresnel equations are a good approximation in our situation since the active region in the transverse direction is much wider (>5 times) than the wavelength in the laser active region (7 μm/3.3≈2 μm). As shown in Table 1 , the quantities Γ and α w remain essentially constant until the mode order increases up to a specific value satisfying an empirical formula: mode order × wavelength in the laser waveguide ≈ active region width/2. For transverse mode with mode order equal or larger than this value, the optical mode strongly leaks into the surrounding InP and a substantial part of the mode is in contact with the gold contacts, which results in a decrease of Γ and an increase of α w . Table 1 also shows that the quantity α m decreases monotonically as the mode order increases. This can be understood from the ray optics model described above: higher order modes impinge on the facet at a larger incidence angle compared to lower order modes, resulting in lower mirror loss α m ∝ln(1/R 1 R 2 ), where R 1 and R 2 are the power reflectivities for the two laser facets, respectively. The values of the figure of merit L calculated for the various lateral modes supported by the 12, 17, and 22 μm wide devices are also given in Table 1 . The results show that the transverse modes with the smallest value for L (in bold letters in Table 1 ) are the ones that are observed close to threshold, as displayed in Fig. 4 . The conclusions of our calculations are thus in good agreement with the experiment. The measured near field profiles showed single transverse mode profile only close to threshold. This was no longer the case when the current was increased from the threshold sometimes even by a small amount. Asymmetric near field mode profiles were observed that cannot be simply assigned to that of a single transverse mode. This indicates that additional transverse modes start to lase. Effects such as beam steering were also observed in the far field of some of the devices measured. It can be explained by a coherent superposition of the various transverse modes supported by the waveguide when they lase simultaneously; evidence for this phenomenon has already been reported in the far field of diode lasers and high power QCLs [15] [16] [17] [18] . A detailed analysis of the near-and far-field pattern of BH QCLs as a function of an increasing current will be discussed in a forthcoming publication.
Conclusions
The transverse modes of several buried heterostructure QCLs with various ridge width were characterized by a mid-ir a-NSOM. The near field images obtained for a λ=5.3 μm QCL with very narrow active region showed a very stable emission pattern corresponding to the fundamental mode TM 00 up to high value of the injected current. Other measurements performed with wide ridge QCLs show lasing on a single high order transverse mode close to threshold. In each case, the mode profile was in good agreement with simulations. For the widest device, the TM 04 mode was observed. By demodulating the detected signal at the second harmonic of the AFM tip oscillation frequency, the near-field imaging technique is able to reflect the material contrast inherent in the near-field images.
